The Nevada Nuclear Waste Storage Investigations Program of the Department of Energy is investigating Yucca Mountain in the Nevada Test Site as a possible repository location. As part of this investigation, the groundwater from all pumped wells in and near the site has been sampled and analyzed; the results are reported in this document. The speciation and solubility of nuclear waste elements in these groundwaters have been calculated using the EQ3/6 computer code. Estimates have also been made of the pH and Eh buffering capacity of the water/rock system of Yucca Mountain.
INTRODUCTION
The Department of Energy, through the Nevada Nuclear Waste Storage Investigations (NNWSI) program, is characterizing a site in southwestern Nevada as a possible location for a high-level nuclear waste repository. The site, at Yucca Mountain, is located on the southwestern edge of the Nevada Test Site (NTS) and on adjacent US Bureau of Land Management land as well as land controlled by the US Air Force (see Fig. 1 ). The Topopah Spring Member tuff in the unsaturated zone of Yucca Mountain has been selected as the site for the proposed repository. The most likely mechanism by which waste elements could be released from the repository into the accessible environment is by transport in water that passes through the repository and along flow paths to the biosphere. Los Alamos National Laboratory is studying groundwater chemistry along potential flow paths from the repository. The most likely mechanism for a release of waste elements to the environment is through waste-element dissolution from the solid waste form stored in a repository and transport in water. At this time, USGS models of water transport indicate that water from the repository will move downward through the unsaturated zone and into groundwater in the saturated zone. The specific pathways of groundwater travel in the saturated zone are still uncertain. Based on this assessment of flow paths, it is clear that water chemistry in both the unsaturated and saturated zones is important. Pore water from the unsaturated zone has not been sampled as yet, but samples will be taken during construction of the Exploratory Shaft. Thus, information about the chemistry of unsaturated-zone water is available only by analogy with water from similar areas or by chemical modeling. Groundwater from the saturated zone has been sampled from a number of deep wells in the vicinity of the Yucca Mountain site. Water from these wells has been studied extensively and has provided essentially all the information presented in this report.
Waste-element transport in groundwater is a slow process, so slow that direct experimental verification of repository performance is not possible.
Instead, performance-assessment calculations will estimate the rates and quantities of waste elements transported from the repository to the accessible environment. These analyses will employ water-chemistry data in a number of ways.
(1) The concentrations of waste elements dissolved in groundwater will directly influence waste-element transport. Waste-element concentrations can be calculated from (a) groundwater composition; (b) thermodynamic data for the waste elements, components of the groundwater, and local minerals; and (c) appropriate models such as the EQ3/6 computer program.
(2) Waste elements are transported not only as dissolved species, but also ' as colloids or particulates, or they can be adsorbed on natural particulates in the water. Although transport of particulate material is primarily a physical process, groundwater chemistry will influence the formation and stability of waste-element colloids and particulates and the sorption on natural particulates. The formation of waste-element colloids and particulates is being studied in other areas of the NNWSI program. Characterization of natural particulates (size, quantity, and composition) in Yucca Mountain water is just beginning. Unfortunately, particulates can only be collected by pumping, which creates unnatural, induced-flow conditions. Particulate concentrations determined from pumped wells should be conservative, however, because they should be higher than concentrations under slower, more natural flow conditions.
A few preliminary filtration experiments have shown some tuff particles in pumped well water. These measurements have not yet been quantified.
(Particulate transport will not be considered further in this report.) (3) Groundwater chemistry will vary as a function of time and location along the flow paths. It is necessary not only to know present groundwater chemistry, it must also be predicted for the future to complete performance-assessment calculations that cover time spans of mineralogy through which the water is flowing, the atmosphere over the land mass, and the biota on the land mass at recharge areas. Models of groundwater chemistry can be used in conjunction with data about these items to estimate variations of groundwater chemistry with time. The pH and Eh buffering capacity of groundwater are particularly important.
(4) Knowledge of the vertical and lateral variations of groundwater composition at Yucca Mountain can aid in modeling local hydrology. However, determination of groundwater flow paths is the responsibility of the USGS, and no interpretation of our data as it pertains to flow path is made in this report. It is clear that the physical and chemical characteristics of the water system must ultimately form a consistent picture that can be used in the performance-assessment calculations.
The remainder of this report discusses the groundwater-chemistry data collected to date from wells in the vicinity of ifucca Mountain and from a few wells in adjacent areas that add to our understanding of the Yucca Mountain data. Information needed for performance assessment will be calculated from these data. This report is divided into sections that discuss (1) the experimental procedures for sampling and analysing the water; (2) the water compositions determined; (3) the implications of the data for spacial and temporal variations in water chemistry, speciation and solubility, pH buffering capacity, and redox buffering capacity; and (4) conclusions and proposals for future work.
II. EXPERIMENTAL PROCEDURES
In the vicinity of the repository site, a number of deep wells have been drilled and pumped (Fig. 2) . Information on construction, pumping, and 5G Additional information can be found in earlier Los Alamos reports.
III. RESULTS
The analyses of groundwaters from the pumped wells are grouped and listed in Tables I through IV. The difference between Tables I/II and III/1V is in the units of the data; Tables I and II use mg/£ to express concentration, whereas mmols/i is used in Tables III and IV. Techniques used in sampling the groundwaters listed here were either integral sampling (Wells USW VH-1, H-6, H-5, G-4, H-l, H-4, and J-13, UE-29a#2, J-12, the paleozoic aquifer of UE-25p#l, and parts of Well UE-25b#l) or sampling from individual packed off zones (Wells UE-25b#l and USW H-3). In these tables, the wells "I.
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Data from L. Benson, et al. Tables   VII and VIII The third stage in mineral evolution is a quartz, analclme, and illite mixture; the fourth and final product is a quartz, albite, and potassium-feldspar mixture, with calcite possibly present. These stages obviously represent an idealization of the continuous changes that occur; however, such a delineation is useful because there are large areas at NTS where minerals from the various stages predominate.
There are two questions of interest concerning the observed water compositions and the models relating water chemistry and mineralogy at Yucca
Mountain.
(1) Are the observed water compositions consistant with the models? A major difference between some of the waters in Tables I to IV is probably not enlarge these ranges significantly. However, the sensitivity of radionuclide transport to these composition ranges has not yet been determined. If performance assessment calculations indicate that the uncertainty in radionuclide-tranpport results, which is related to the possible range of water compositions, is too large, further experimental work may be necessary to narrow these ranges. One aspect of this sensitivity, the effect of water composition on waste-element solubilities, is discussed later.
C. "Thief" Samples Two wells were sampled using "thief" sampling bottles; Well USW H-l approximately 1 year after the well was pumped and the pump removed, and Well USW H-4 within a week after it was pumped and the pump was removed.
Results ' from these two experiments were presented in Tables V and VI.
The composition of the integral water samples from these two wells are also presented for comparison. The data cannot be interpreted at this time. A series of "thief" samples from a well that has been pumped until formation water is obtained must be taken and studied as a function of time of equilibration before interpretation can be assured. The reducing conditions observed with the "thief" samples and the data from Wells USW H-3 and UE-25b#l are further indications that formation water at depth may be reducing.
D.
Speciation and Solubility
For purposes of estimating concentrations of waste elements along the flow paths fiom a Yucca Mountain repository to the accessible environment, the speciation and solubility of waste elements in three specific water compositions can be used.
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(1) The composition of Well USW H-3 is indicative of water below the proposed repository site. Uranium is primarily in the VI oxidation state in water from Wells J-13
and UE-25p#l. The difference in the solid that controls solubility in Well UE-25p#l and in Well J-13 is caused by the increased carbonate content of Well UE-25p#l water. The low Eh of water from Well H-3 results in both IV and VI oxidation states and a much lower solubility than in water from the other wells.
Plutonium is primarily in the V and VI oxidation states in water from
Well J-13; in water from the other two wells, it is primarily in the IV oxidation state. The hydrous plutonium oxide used to control plutonium solubility results in higher solubilities than would be calculated with crystalline plutonium oxide. However, crystalline plutonium oxide may never 23 precipitate from solution, and thus, may not exist as a control on solubility. The solubility in water from Well USW H-3 is higher than that from Well UE-25p#l because Well USW H-3 water has a higher pH, which results in more complex formation with hydroxyl.
In natural waters, americium is only in the III oxidation state. The solubility is controlled mainly by the availability of complexing anions (including hydroxyl) and anions that participate in the solid-forming reactions.
Both strontium and radium are particularly simple; they exist in only one oxidation state and form few complexes. Solids that are in equilibrium with an aqueous solution or that can precipitate from it can also affect the buffering capacity of the water.
Reactions involving the clays, zeolites, and feldspars that are found at Yucca Mountain generally include the production or consumption of H .
Precipitation or dissolution of calcite or dolomite can also affect water pH.
The minerals in contact with water at Yucca Mountain exhibit some pH control 1 ft over the water and will contribute to the buffering capacity of the water/mineral system. There are a large number of possible reactions among the minerals present. Thus, the specific reactions involved and the pH range over which they are effective would be difficult to define without detailed chemical-equilibrium calculations. These calculations are discussed below.
A series of calculations of the effects of adding H + or 0H~ to Yucca
Mountain water has been done using the EQ3/6 chemical-equilibrium computer 27 programs.
Water from Well J-13 was used as characteristic of Yucca Mountain water (see Tables I through IV This is a substantial fraction of the total anion or cation content of Well J-13 water, which is about 3 meq/Jl.
To this point, the buffering capacity of water from Yucca Mountain has been discussed without reference to specific processes that could cause the pH changes. These processes can also add or remove other species from the water. One of the most likely processes that could affect water pH is the oxidation of iron pyrite (FeS 9 ), which is responsible for acid waters 28 associated with many mines.
Reaction-path calculations were done in which pyrite was added to Well J-13 water with high Eh to simulate the availability of dissolved oxygen to oxidize the iron and sulfide. No other minerals were assumed to be present. without large changes in pH (see Fig. 7 ). This would add 1 mmol/£ of sulfate to the water, which would be a factor of 5 more than the normal Well J-13 water content.
When the presence of local minerals is ignored, as it was in all the previous calculations, the buffering capacity of the water/mineral system will tend to be underestimated. This can be seen from the results of a number of reaction-path calcul? :ions in which local minerals were assumed to be present in quantities sufficient to react with pyrite oxidation products.
The interpretation of these calculations is complicated by the fact that the presence of the minerals will tend to shift the pH of Well J-13 water slightly as they come to equilibrium with the water in the absence of pyrite oxidation. For this reason, two calculations were always done when local minerals were assumed to be present: one calculation in which pyrite oxidation occurred and one in which no pyrite oxidation occurred. By comparing the results of the two calculations, the effect of H produced by pyrite oxidation could be assessed. The local minerals were included in the calculation by adding them as reactants in addition to the pyrite to be oxidized. Figure 8 shows a plot of pH as a function of moles of pyrite added to Well J-13 water at 25°C for a calculation in which Na-clinoptilolite, K-clinoptilolite, and Ca-clinoptilolite were added at the rate of 2 mols/mol of pyrite, and cristobalite was added at the rate of 5 mols/raol of pyrite.
Without pyrite oxidation, the water pH increases from 7 to 8.4. This result is consistent with previous reaction-path calculations of volcanic glass 18 dissolution at Rainier Mesa. With pyrite oxidation, the pH remains essentially constant at 7. The result in Fig. 8 can be compared with that in This indicates that the minerals do not make a large contribution to the buffering capacity for OH addition.
The results presented here indicate that Well J-13 water alone or with the minerals commonly found in Yucca Mountain has a relatively good pH buffering capacity. This is particularly true for the water/mineral system that is subject to H addition. However, these calculations have assumed equilibrium behavior. This is a valid assumption for reactions involving only aqueous species, but kinetic constraints may limit rates of aqueous-solid has a higher pH and higher carbonate content than Well J-13 water does; therefore, it would have a higher buffering capacity for H addition.
F. Oxidation-Reduction Buffering Capacity
The oxidation-reduction potential of groundwater tends to decrease as 29 water migrates along flowpaths from the surface downward.
Rainfall and snow melt enter the soil cover in equilibrium with air and are, therefore, saturated with oxygen (Eh >400 mV) and carbon dioxide. In the thin soil zone at the surface, the dissolved oxygen is generally thought to be removed by There are a number of questions that must be answered or estimated in trying to arrive at the Eh buffering capacity of the system. Unfortunately, we do not have answers to most of these questions. The
USGS is actively considering the definition of flow paths and recharge areas, which is necessary before answering questions (2), (3), and (5). Sandia National Laboratories is developing methods for performance-assessment calculations; these calculations will answer question (6). Information relating to questions (I) and (4) is discussed below.
(1) The water from Well USW H-3 (Tables I and IV) Table X were to be reduced, the total equivalent is 8 + -H-6 e -H-1 it is predominantly a NaHCO., water.
(2) In any direction away from Yucca Mountain (except north), the water composition in tuffaceous aquifers changes to higher relative calcium and magnesium concentrations and lower sodium. This progressive increase continues until its eventual discharge in the Amargosa desert.
(3) The water below the repository site is reducing (-143 mV vs hydrogen electrode). This Eh is sufficiently negative for the reduction of PuO4 1 to Pu(IV), NpO* to Np(IV), UC>2 + to U(IV), and TcO~ to Tc(IV) after the elements have been eluted from the oxidizing environment of the repository. The reduced oxidation states exhibit the lowest solubilities.
However, we do not presently know if the redox reactions will proceed or will be inhibited in some way.
(4) The natural organic content is very low in the groundwater. Consequently, the cotnplexing and transport of waste elements with natural organic ligands is not a concern. (3) What is the pH buffering capacity of the water/mineral system in the future? Using estimates from USGS paleoclimate studies and estimated amounts of vitric and zeolitic tuffs in the recharge and Yucca Mountain area, one should be able to satisfactorily predict this result in a manner similar to that used in this report for pH buffering capacity.
(4) What is the magnitude or extent of waste elements that can be transported as (or with) particulates in the groundwater? A simplified plan of our approach was mentioned earlier in this report. We have initiated filtration studies on Well J-13 waters and will expand th. s work to include sorption measurements with the particulates. Long-term pumping tests on UE-25c#l, -2, and -3 will also offer the opportunity for more filtration tests. well-to-well pumping tests at UE-25c#l, -2, and -3 could be used to answer this question. These three wells have been drilled ~2000 m to the east of the repository block at Yucca Mountain near Well UE-25p#l; the USGS will use the pumping tests to determine the transmissivity and dispersion properties of the saturated tuffs. Los Alamos is formulating a proposal to be included as part of these tests, in which Tc and 237
Pu are used as tracers. These particular tracers have been selected for a number of reasons.
(a) They are isotopes of actual waste elements that will be present in spent fuels or reprocessed waste forms.
(b) The radioactivity will decay to innocuous levels in less than 2 years. We believe these actual waste elements can safely be used in the tests and will yield results concerning the above question. In addition,
naturally occurring isotopes such as the isotopes of uranium and thorium will be isolated from the groundwaters of the test. From the quantities and isotopes found, a model will be developed for retardation and transport of the uranium-thorium series of isotopes.
